Phenomena inherent to quantum theory on curved space-time, such as Hawking radiation [1], are typically assumed to be only relevant at extreme physical conditions: at high energies and in strong gravitational fields. Here we consider low-energy quantum mechanics in the presence of weak gravitational time dilation and show that the latter leads to universal decoherence of quantum superpositions. Time dilation induces a universal coupling between internal degrees-of-freedom and the centre-of-mass of a composite particle and we show that the resulting entanglement causes the particle's position to decohere. We derive the decoherence timescale and show that the weak time dilation on Earth is already sufficient to decohere micro-scale objects. No coupling to an external environment is necessary, thus even completely isolated composite systems will decohere on curved space-time. In contrast to gravitational collapse models [2, 3] , no modification of quantum theory is assumed. General relativity therefore can account for the emergence of classicality and the effect can in principle be tested in future matter wave experiments with large molecules [4, 5] or with trapped microspheres [6, 7] .
The superposition principle is a major cornerstone of quantum mechanics. Quantum interference experiments have demonstrated superpositions of neutrons [8] , atoms [9] and even large molecules [4, 5] , however, quantum superpositions are not accessible on human scales. The origin of the quantum-to-classical transition is still an active field of research and a prominent role in this transition is commonly attributed to decoherence [10, 11] : due to interaction with an external environment, a particle loses its quantum coherence. Many specific models have been studied in which a particle interacts with its environment, such as for example scattering with surrounding phonons [12] , photons [13] and gravitational waves [14] [15] [16] . A different approach in explaining classicality is taken in so-called "collapse models", in which macroscopic superpositions are prohibited without any external environment [2, 3] . Such models are often inspired by general relativity but they all rely on a postulated breakdown of quantum mechanics. In contrast, here we show the existence of decoherence due to general relativistic time dilation without any breakdown of quantum mechanics and which takes place even for isolated composite systems. We show that even the weak time dilation on earth is already sufficient to decohere the position of micro-scale composite quantum systems.
To derive the decoherence we consider standard quantum mechanics in the presence of general-relativistic time dilation, which causes clocks to run slower near a massive object. A derivation of the quantum dynamics of a composite system on curved space-time can be found in Appendix A. We consider the dynamics in weak gravitational fields (i.e. to lowest order in c −2 ), in which case the results already follow from the mass-energy equivalence in a gravitational field [17] : any internal energy * igor.pikovski@univie.ac.at contributes to the total weight of a system and gravity couples to the total mass m tot = m + H 0 /c 2 , where the Hamiltonian H 0 generates the time evolution of the internal degrees of freedom of this particle and m is the remaining static rest mass. The interaction with the gravitational field is therefore m tot Φ(x) = mΦ(x) + H int , where
2 . For example, if the particle is a simple harmonic oscillator with frequency ω, the above interaction with gravity effectively changes the frequency according to ω → ω(1+Φ(x)/c 2 ). This is the wellknown gravitational redshift to lowest order in c −2 . Classically, the time-dilation-induced interaction H int yields only this frequency shift. On the other hand, in quantum mechanics the internal energy H 0 and the position x are quantized operators, thus time dilation causes an additional, purely quantum mechanical effect: entanglement between the internal degrees of freedom and the centreof-mass position of the particle [18] . However, gravitational time dilation on Earth is very weak and the resulting entanglement has typically no effect on small quantum systems. For composite quantum systems, on the other hand, this effect can become significant, as we will show below.
We consider composite particles subject to gravitational time dilation and model them by having N/3 constituents that are independent three-dimensional harmonic oscillators. Such a model equivalently describes N internal harmonic modes of the particle. The internal Hamiltonian for this system is H 0 = N i=1 ω i n i , where n i are the number operators for the i-th mode with frequency ω i . The centre-of-mass (with x and p being its vertical position and momentum, respectively) of the whole system is subject to the gravitational potential Φ(x). For a homogeneous gravitational field in the x-direction we can approximate Φ(x) = gx, where g = 9.81 m/s 2 is the gravitational acceleration on earth. The total Hamiltonian is therefore H = H cm + H 0 + mgx + H int , where H cm + mgx is the Hamiltonian for the centre-of-mass of the particle and the time-dilation-induced interaction (to lowest order in c −2 ) between position and internal energy is
We now consider the particle to be at rest in superposition of two vertically distinct positions x 1 and x 2 , with the height difference ∆x = x 2 − x 1 , such that the centreof-mass is in the state | ψ cm (0) =
. The internal degrees of freedom are in thermal equilibrium at temperature T, thus the i-th constituent is in the state is the average excitation and k B is the Boltzmann constant. The total initial state is thus given by
General relativistic time dilation now couples the centre-of-mass position of the system to the internal degrees of freedom ρ i via the Hamiltonian in Eq. (1). The off-diagonal elements ρ 12 = x 1 |ρ| x 2 = ρ * 21 , responsible for quantum interference, therefore evolve in time as
The individual internal states evolve at different frequencies according to general relativistic time dilation (Fig. 1) . To see decoherence of the centre-of-mass position, we trace out the internal degrees of freedom. The quantum coherence, quantified by the visibility V (t) = 2|ρ (12) 
. This expression can be simplified by noting that typically ω i tg∆x/c 2 1. In the high temperature limit we also haven i ≈ k B T ωi , so that the frequency-dependence completely drops out from the visibility. In this case, the reduction of quantum interference is given by
where we used t 2 N τ 2 dec and defined the decoherence time
The above equation shows that gravitational time dilation causes superpositions of composite systems to decohere. The decoherence rate derived here scales linearly with the superposition size ∆x, in contrast to other decoherence mechanisms that typically show a quadratic
Gravitational time dilation causes decoherence of composite quantum systems. a) Illustration of a TPPF20 molecule which has recently been used for matter-wave interference [5] . Here we illusrate a vertical superposition of size ∆x in Earth's gravitational potential Φ(x) = gx. b) The frequencies ωi of internal oscillations get red-shifted in the gravitational field and the internal oscillations entangle to the centre-of-mass position of the molecule. c) Phase-space representation of the i-th constituent which is in a thermal state with average occupationni ≈ kBT / ωi. In the coherent state representation, the frequency of each coherent state depends on the position of the molecule and the internal states corresponding to the two superposition amplitudes evolve differently by an amount ωi∆τ . Even for small time-dilations, this causes decoherence of the molecule with N constituents after a time τ dec , given in eq. (4).
scaling [19] . Also, decoherence due to gravitational time dilation depends on the number of oscillating internal states of the system, N , since the internal structure of the system causes decoherence via time dilation. Thus the suppression of quantum effects takes place even for completely isolated systems, provided that the superposition amplitudes acquire a proper-time difference. In the high-temperature limit the frequencies of the internal oscillations drop out entirely from the final expression, therefore it is not necessary to have fast-evolving internal states. Note that the decoherence derived here depends on the constants , c, k B and the gravitational constant G: it can therefore be considered a general relativistic, thermodynamic and quantum mechanical effect. The arguments presented above can be made more rigorous by considering the full time-evolution in the presence of relativistic time dilation. To this end, we derive in the Methods Section a master equation that describes the quantum dynamics of a composite system under the influence of time dilation to lowest non-vanishing order in c −2 . The derivation is fully general and captures special and general relativistic time dilation for any space-time and any internal Hamiltonian H 0 . For the model considered here the master equation becomeṡ
This equation effectively replaces the Schrödinger equation for the time evolution of centre-of-mass of a composite particle in the presence of a gravitational field. The first term describes the unitary evolution of the centreof-mass due to an arbitrary Hamiltonian H cm which can include general relativistic corrections. For clarity we separated the gravitational potential, which couples to an effective total mass m tot = m +Ē/c 2 that includes the average internal energyĒ = H 0 = N k B T . This is in accordance with the notion of heat in general relativity (in Einstein's words [20] : "a piece of iron weighs more when red-hot than when cool"). The second term causes the suppression of off-diagonal elements of the density matrix and is responsible for the decoherence. The integral captures the fact that decoherence depends on the overall acquired proper-time difference along the different paths. If the centre-of-mass Hamiltonian H cm does not induce significant changes to the off-diagonal elements on the decoherence time-scale, the above euqation can be approximated bẏ
This equation is approximately valid if one can neglect the accumulation of proper time difference during the initial build-up of the superposition. The decoherence time-scale is found from the solution to eq. (6), which for the off-diagonal terms ρ (12) cm is approximately (to or-
, with τ dec as in eq. (4). The reduction of visibility is Gaussian and agrees with eq. (3). The master equation due to time dilation, eq. (6), is similar in form to other master equations typically studied in the field of decoherence [10, 19] but does not include any dissipative term. Thus time dilation provides naturally an "ideal" master equation for decoherence that affects only off-diagonal terms in the position basis. The master equation for gravitational time dilation differs from other decoherence mechanisms mainly by having a Gaussian decay instead of an exponential decay and in the particular form and parameterdependence of the decoherence time-scale, eq. (4).
To estimate the strength of the decoherence due to time dilation, we consider a human-scale macroscopic system at room temperature. Assuming that the system has Avogadro's number of constituent particles which oscillate, we set N ∼ 10 23 , which amounts to a gram-scale system. For a superposition size of ∆x = 10 −3 m, the decoherence time (4) becomes τ dec ≈ 10 −6 s .
Remarkably, even though the gravitational time dilation is very weak, its resulting decoherence is already substantial on human scales and not just for astrophysical objects. Macroscopic objects completely decohere on earth on a short timescale due to gravitational time dilation and no vertical superpositions of gram-scale composite systems can be sustained. In contrast to other decoherence mechanisms, this effect cannot be shielded or overcome without going to a space-time region with no time dilation. It therefore poses a fundamental limit on ground-based quantum interference experiments with complex systems, unless trajectories with exactly vanishing proper time difference are chosen. In astrophysical settings, the decoherence can even be substantially stronger: the time scale (4) can be rewritten in terms of the Schwarzschild-radius R s = 2GM/c 2 of the background space-time as τ dec = 8/N ( R 2 /k B T R s ∆x), where R is the distance between the particle and the centre of the gravitating object (since the nature of the effect is gravitational, quantum mechanical and thermodynamic, the decoherence time may also be written in terms of the Hawking-temperature [1] T H = c 3 /8πk B GM of the body with mass M , but the decoherence is not related to any horizon and the appearance of the Hawking temperature is solely a reformulation of the fundamental constants involved). The decoherence is stronger for high masses M and for small distances R to the mass, i.e. for stronger time dilation. At the horizon of a black hole with 5 solar masses, a nm-size superposition of a gram-scale object at T = 1 K would decohere after about τ dec ≈ 1 ns.
The effect predicted here is completely general and affects arbitrary quantum states on all curved spacetime metrics: a composite quantum system in superposition between two trajectories with proper time difference ∆τ will decohere. For example, for a particle in superposition of semi-classical (i.e. well-localised) trajectories, the state of the centre-of-mass can easily be calculated as in the derivation of eq. (3) above: the visibility of the off diagonal elements will drop according to
, where the mean is taken with respect to all internal states ρ i . This holds for arbitrary internal states and proper time-differences ∆τ , so long as the individual trajectories are well-localised. Thus time dilation universally affects all composite quantum systems and causes their transition to classicality, unless all internal degrees-of-freedom are frozen out.
We stress that the decoherence effect described here is not related to previously considered general relativistic models of decoherence [2, 3, [14] [15] [16] 21] . The mechanism here is time dilation, which arises already in stationary space-times and decoheres composite systems into the position basis, even if they are isolated from any external environment. This is conceptually different than previously considered scattering of gravitational waves [14] [15] [16] , which causes decoherene into the energy basis. Our treatment, based on a Hamiltonian formulation of lowenergy quantum systems, allows for a direct description of composite quantum systems in weak, static gravitational fields and requires neither the ad-hoc modelling of the matter field distribution nor of a gravitational wave background. We also stress that the time-dilationinduced decoherence is entirely within the framework of quantum mechanics and classical general relativity. This is in stark contrast to hypothetical models where grav-FIG. 2. Decoherence due to gravitational time dilation as compared to decoherence due to emission of thermal radiation for sapphire microspheres. In the green region time dilation is the dominant decoherence mechanism. The left axis shows various sphere radii r (corresponding to particle numbers N = 10 7 to N = 10 18 ) for a fixed superposition size ∆x, whereas the right axis shows various superposition sizes for a fixed particle radius. The dashed lines correspond to the respective time dilation decoherence timescales. Sapphire was chosen for its low emission at microwave frequencies.
ity leads to spontaneous collapse of the wave function and that require a breakdown of unitarity [2, 3] or include stochastic fluctuations of the metric [21] . Thus we show that classical general relativity can account for the suppression of quantum behavior for macroscopic objects without introducing any modifications to quantum mechanics or to general relativity.
We now discuss a possible direct experimental verification of the derived decoherence mechanism. The gravitational time dilation is well-tested in classical physics but the quantized Hamiltonian has not yet been studied experimentally. In particular, an experiment to study the induced quantum entanglement between internal degrees of freedom with the centre-of-mass mode, first proposed in Ref. [18] , has not yet been realised. To confirm this quantum mechanical interaction one can use controllable internal states in matter wave interferometry [18] , or use Shapiro-delay in single photon interference [22] . Such an experimental verification of the quantum Hamiltonian (1) would be a strong indication for the presence of the decoherence described here. To test the decoherence due to time dilation directly it is necessary to bring relatively complex systems into superposition. This can in principle be achieved with molecule interferometry [4, 5] , trapped microspheres [6, 7] or with micromechanical mirrors [23, 24] . The latter, however, is currently restricted to very small separations only [24] (on the order of 1 pm) and is therefore less suitable. To see decoherence caused by time dilation, other decoherence mechanisms will need to be suppressed: The scattering with surrounding molecules and with thermal radiation requires such an experiment to be performed at liquid Helium temperatures and in ultra-high vacuum [13] , which has no direct effect on the decoherence due to time dilation. However, the emission of thermal radiation by the system will be a competing decoherence source. The decoherence-time due to photon emission is found to be [13, 25] 
is the mode density of the wave vectors k and σ eff (k) the effective scattering cross section. To see the time-dilationinduced decoherence, we require that the decoherence due to emission of radiation is weaker than due to time dilation, i.e. τ dec τ em . In Fig. 2 we show the parameter regime where time-dilation-induced decoherence can in principle be observed, focussing on micro-scale particles at cryogenic temperatures (sapphire was chosen due to its low microwave emission at low temperatures [26] ). The emission of radiation can be further suppressed if the mode density is reduced, which can ease the restrictions on temperature. Although an experiment to measure decoherence due to proper time is challenging, the rapid developments in controlling large quantum systems [5] [6] [7] for quantum metrology and for testing collapse-theories [23, 24, [27] [28] [29] will inevitably come to the regime where the time-dilation-induced decoherence predicted here will be of importance. In the long run, decoherence due to gravitational time dilation poses a fundamental limit on the ability to sustain superpositions on earth.
As a final remark, we note that the presented estimate for the time-dilation-induced decoherence is likely to be an underestimation of the actual effect. The internal structure of the constituents is not taken into account and additional mechanisms, such as nuclear processes, may contribute to the decoherence effect. Additionally, special relativistic time dilation and the decoherence during the build-up of the superposition were neglected. We therefore expect that the actual decoherence due to time dilation is even stronger than predicted here.
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We consider the time evolution of a composite quantum state in the low-energy limit on curved space-time, described by an arbitrary static metric g µν with signature (-+++). In the treatment here we assume small velocities (u i c) and neglect special relativistic corrections. The time evolution of a system in its rest frame, typically given by the Schrödinger equation in this limit, needs to be replaced by the covariant derivative with respect to proper time:
The derivative can be expressed in terms of the 4-velocity as D/Dτ = u µ ∂ µ . For a static observer the 4-velocity is proportional to the time translation Killing vector and has therefore only the component u 0 on a static metric. The above equation becomes i ∂ t Ψ = (u 0 /c) −1 H rest Ψ. The 4-velocity can now be expressed in terms of the metric via u µ u µ = g µν u µ u ν = −c 2 , such that for a static observer we have (u 0 /c) −1 = √ −g 00 . Thus the time evolution for a quantum state on curved space-time is given by i ∂ ∂t Ψ = √ −g 00 H rest Ψ.
This expression neglects velocity and special relativistic terms, but captures gravitational time dilation through the redshift factor √ −g 00 . We now use the
